Photocatalytic water splitting is a potential next generation hydrogen production process which can directly convert light energy to chemical energy without greenhouse gas emission. The effects of dye-modification on the water splitting activity of inorganic semiconductor photocatalysts were investigated to utilize visible light energy for solar energy conversion. The photocatalytic activities of metal oxides, sulfides, oxysulfides, and oxynitrides were improved by dye-modification, because the charge recombination of photogenerated electrons and holes in inorganic semiconductors was effectively suppressed. The charge transfer mechanism of the dye-modified photocatalyst is a two-step excitation process, which is similar to that of photosynthesis. This study revealed that dyemodification is a very effective method to enhance the photoabsorption of visible light and improve the water splitting activity of inorganic semiconductor photocatalysts.
Introduction
Clean and sustainable energy sources are highly desirable solutions to the problems of global warming and environmental pollution. Hydrogen is one of the most promising next generation energy sources, because only water is emitted after combustion and production can be achieved with abundant water and various renewable energy sources. Photocatalytic water splitting is a process for the direct conversion of solar energy to hydrogen fuel. Various photoelectrochemical cell (PEC) and photocatalyst systems for solar energy conversion have been actively investigated since water splitting using a titanium dioxide (TiO2) photoelectrode was first reported 1) . Figure 1 shows a schematic image of the principle of photocatalytic water splitting using semiconductor materials. Under irradiation of photons with energy higher than the band-gap energy (Eg) of the semiconductor, electrons in the valence band are excited to the conduction band, and holes are simultaneously generated in the valence band. These photogenerated electrons and holes cause reduction and oxidation reactions, respectively. The bottom of the conduction band (BCB) should be more negative than the hydrogen evolution potential (0.0 V vs. NHE, pH 0) and the top of the valence band (TVB) should be more positive than the oxygen evolution potential (1.23 V vs. NHE, pH 0) to achieve photocatalytic water splitting. Therefore, the minimum energy for the water splitting reaction is theoretically 1.23 eV. Considering the overpotentials for hydrogen and oxygen formation reactions and chem-ical kinetics, the bandgap energy of the photocatalyst materials must be at least 1.6-1.8 eV. Furthermore, the photocatalyst materials should be stable under the water splitting conditions. For example, cadmium sulfide (CdS), which has an ideal band structure for the photocatalytic water splitting, is decomposed by photogenerated holes under photoirradiation 2), 3) . These requirements for the electronic band structure and material stability restrict the candidate materials of the semiconductor photocatalyst for photocatalytic water splitting.
Charge recombination of the photogenerated electrons and holes is another important issue for photocatalytic water splitting. The photogenerated charges in photocatalysts separate and migrate to reaction sites at the photocatalyst surface. During these processes, trapping and recombination of photoexcited carriers at the defects in the crystal structure or surface are crucial to the water splitting activity of photocatalysts. Therefore, the relationship between the electron-hole separation lifetime and the photocatalytic activity has been actively investigated using transient absorption spectroscopy 4) 8) . In addition to the charge separation lifetime, the surface activity for hydrogen and oxygen gas formation is also important for efficient photocatalytic water splitting. To decrease the overpotential of the gas formation reactions, various noble metals, metal oxides, and metal sulfides have been used as cocatalysts for inorganic semiconductor photocatalysts 9) 11) . Although some noble metals, such as Pt, Rh, and Ru, are effective cocatalysts for the hydrogen formation reaction, the backward reaction of formed hydrogen and oxygen (2H2 O2 2H2O) is also catalyzed on these metals. Consequently, suppression of the backward reaction is also a key point for efficient solar energy conversion via photocatalytic water splitting.
The present study reviews the development of dyemodified inorganic semiconductor photocatalysts for the water splitting reaction 12) 23) . The dye-modification effects on the charge separation lifetime and the water splitting activity of inorganic semiconductor photocatalysts are summarized. Furthermore, the general versatility of this dye-modification method is illustrated by a number of combinations of inorganic semiconductors and dyes. 24) . The valence bands of these metal oxides are generally located at the deep level (3-4 eV) due to the oxygen 2p orbital 25) , so these oxide photocatalysts are only active under UV light irradiation. To date, various approaches have been investigated to develop visible light responsive photocatalysts based on the wide bandgap semiconductors, such as cation doping 26) , anion doping 27) , and band engineering by solid solution formation 28) . In addition to decreasing the bandgap energy, dye sensitization is one of the well-known approaches for expanding photoabsorption to the visible light region. Research on dye sensitization has mainly progressed in the field of solar cells 29) . In the case of photocatalyst research, dye-sensitized TiO2 photocatalyst has been reported as responsive to visible light for hydrogen formation from methanol aqueous solution 30) . As shown in Fig. 2a , the reaction mechanism of the dye-sensitized photocatalysts is as follows: (1) Photoexcitation of dye sensitizer (2) Excited electrons are injected into the semiconductor conduction band and migrate to the reaction sites (reduction reaction) (3) Oxidized dye accepts electrons from the sacrificial reductant (e.g. methanol, EDTA, etc.).
Concept of
The oxidation reaction of dye-sensitized photocatalysts occurs on dye sensitizers. Generally, the HOMO energy level of dye sensitizers is more negative than the oxygen evolution potential, and four-electron oxidation is difficult for dye sensitizers, so direct water splitting is a challenging issue for dye-sensitized photocatalysts.
Dye-modified Photocatalysts
To achieve overall water splitting using a dyesemiconductor composite system, the oxygen formation reaction is a key point. Figure 2b shows a schematic image of the charge transfer mechanism of the dyemodified photocatalysts in this study. Unlike dyesensitized photocatalysts, both the inorganic semiconductors and the dyes absorb UV and visible light, and the excited electrons in the conduction band of semiconductors transfer to the modification dyes. The oxygen formation reactions occur on the inorganic semiconductors, and the modification dyes absorb visible light in this system. The cocatalysts accept the photogenerated electrons and decrease the overpotential of the hydrogen formation reaction. This two-step excitation mechanism is similar to the charge transfer mechanism of the light-dependent reaction of photosynthesis in chloroplasts, which is called the 'Z-scheme' from its flow diagram. The Z-scheme photocatalyst system has an advantage for material choice compared to the one-step excitation process, so various Z-scheme photocatalyst systems for water splitting have been reported 31) . Most of these systems consist of three components, two types of inorganic photocatalysts for hydrogen and oxygen formation, and a redox mediator for connecting the photocatalysts (Fig. 2c) . The dyemodified photocatalysts achieve overall water splitting without redox mediators, so the electronic structure of the semiconductor-dye interface is an interesting research topic for the future.
Overall Water Splitting on Dye-modified Photocatalysts

1. Preparation and Characterization of Dyemodified Photocatalysts
Dye-modified photocatalysts generally contain inorganic semiconductors, modification dyes, and cocatalysts. The modification dyes are loaded on the surface of the semiconductor powders by the evaporation to dryness method using dye solutions in organic solvent, such as pyridine. Figure 3a shows a high resolution TEM image of Zr-doped KTaO3 (KTa(Zr)O3) modified with Cr(III)-tetraphenylporphyrin chloride (Cr-TPPCl). The porphyrin dyes have aggregated on the KTa(Zr)O3 surface to form a thin 3.4-nm layer. These dye aggregates partially covered the KTa(Zr)O3 surface. UV-vis absorption spectrum measurements suggested that CrTPPCl formed J-like aggregates on KTa(Zr)O3, and this parallel transition dipole structure is advantageous in internal charge transfer of dye aggregates. Similarly, platinum cocatalysts were also loaded onto Cr-TPPClmodified KTa(Zr)O3 using tetraammineplatinum(II) nitrate (Pt(NH3)4(NO3)2) aqueous solution. The platinum cocatalysts were approximately 5 nm in average particle size, and highly dispersed on the Cr-TPPCl/ KTa(Zr)O3, as shown in Fig. 3b. 
2. Dye-modification Effect on Photocatalytic
Activity Figure 4 shows the time course of the water splitting reaction on KTa(Zr)O3 photocatalysts. The band structure of KTa(Zr)O3 is suitable for the water splitting reaction, so hydrogen and oxygen gases were formed on the Pt-loaded KTa(Zr)O3. The photocatalytic activity of the Pt-loaded KTa(Zr)O3 was obviously improved by modification with Cr-TPPCl. In the case of catalysts prepared with two of the three components, KTa(Zr)O3, Cr-TPPCl, and Pt cocatalysts, continuous water splitting was not observed. Therefore, the combination of semiconductors, dyes, and cocatalysts is necessary for efficient water splitting. Furthermore, the preparation order of the dye-modified photocatalyst was also important. Cr-TPPCl/Pt/KTa(Zr)O3, which is prepared by dye-modification of Pt-loaded KTa(Zr)O3, showed gas formation rates only half those of Pt/CrTPPCl/KTa(Zr)O3. This difference in activity can be attributed to two reasons: Pt cocatalysts were covered with Cr-TPPCl, and contact between the KTa(Zr)O3 surface and Cr-TPPCl is essential for positive effects. Therefore, charge transfer between semiconductors and dyes is important for the dye-modified photocatalyst system. Table 1 shows the water splitting activity of various dye-modified photocatalysts developed in our previous study. The photocatalytic activity of inorganic semiconductors for overall water splitting was improved by dye-modification. Dye including phthalocyanines, porphyrins, xanthene dyes, triphenyl methane dyes, and polycyclic aromatic hydrocarbons showed positive effects on the photocatalytic activity of KTa(Zr)O3. The gas formation ratios of the dye-modified photocatalysts are listed in Table 1 . The gas formation ratio on the KTa(Zr)O3 photocatalysts modified with xanthene dyes and porphyrin ligands was larger than the stoichiometric ratio ( 2) of overall water splitting. These dyes were unstable under conditions of photocatalytic water splitting, and some dyes were apparently sacrificially decomposed by the photocatalysts. Among the modification dyes examined, metalloporphyrins showed relatively high stability and improved the water splitting activity of KTa(Zr)O3. Therefore, the effects of dyemodification for other inorganic semiconductors were investigated using metalloporphyrins. Although overall water splitting was not achieved, the photocatalytic activities of SnS and TaON for hydrogen formation from sodium sulfide aqueous solution were improved by dye-modification. On the other hand, dye-modified GaN:ZnO and In2O3 _ Bi2O2S achieved the photocatalytic water splitting. Especially, the dye-modified GaN:ZnO showed relatively high photocatalytic activity under visible light irradiation, and the apparent quantum yields was 2.73 % at 410 nm. The photocatalytic activity of GaN:ZnO was also improved by using hexaphyrin dye, which is an expanded porphyrin derivatives. The hexaphyrin-modified GaN:ZnO photocatalyst successfully achieved water splitting using irradiation at around 600 nm in wavelength. These results suggest that dyemodification is effective for improvement of the activity of inorganic semiconductor photocatalysts.
C h a r g e -s e p a r a t i o n i n D y e -m o d i f i e d Photocatalysts
To clarify the effects of dye-modification on photocatalytic activity, the charge separation lifetime of the dye-modified photocatalysts was investigated. Figure 5 shows the decay curve of the photovoltaic potential of KTa(Zr)O3 modified with and without CrTPPCl. The photovoltaic response of Cr-TPPCl/ KTa(Zr)O3 disc was observed after irradiation for 8-10 ns with the fourth harmonics of Nd:YAG laser (λ 266 nm). As shown in Fig. 5 , the half-life period of the photovoltaic decay was prolonged about tenfold by modification with Cr-TPPCl. This result suggested that charge recombination at the KTa(Zr)O3 surface was effectively suppressed by dye-modification. tained for about 0.5 s at 650 nm and 700 nm. Electron spin resonance (ESR) measurements of Cr-TPPCl/ KTa(Zr)O3 showed disappearance of the Cr 3 signal and appearance of the porphyrin radical signal under UV light irradiation. These results indicate that the long charge separation state was achieved between KTa(Zr)O3 and Cr-TPPCl. Table 2 shows the wavelength dependency of the water splitting activity of PtOx/Cr-TPPCl/KTa(Zr)O3 photocatalyst. Although negligible amounts of gases were observed under visible light irradiation, the water splitting reaction efficiently proceeded on PtOx/Cr-TPPCl/KTa(Zr)O3 under UV and visible light irradiation. This result suggests that excitations of both KTa(Zr)O3 and Cr-TPPCl were important for the water splitting reaction. From these results, the charge transfer mechanism of the dyemodified photocatalysts was considered to be a two-step excitation process as shown in Fig. 2b . Photogenerated electrons and holes were spatially separated between inorganic semiconductors and dyes, in a similar mechanism to photosynthesis, and the photocatalytic activity was greatly improved by increasing the number of charges used for the water splitting reaction.
Effects of Cocatalysts on Photocatalytic Activity
Cocatalyst loading is important to achieve photocatalytic water splitting on metal oxide photocatalysts. The cocatalysts work as active sites, which promote photogenerated charge separation and gas formation, and reduce the overpotentials of hydrogen and oxygen formation reactions at the photocatalyst surface. Table 3 shows the effect of cocatalysts on the photocatalytic acitivity of Cr-TPPCl modified KTa(Zr)O3. Compared to the results of metal oxide cocatalysts, novel metal cocatalysts tend to show high photocatalytic activity for the water splitting reaction.
Further improvement of the photocatalytic activity by co-loading of platinum and metal oxides were investigated using dye-modified KTa(Zr)O3 photocatalysts. As shown in Table 4 , the photocatalytic activity of dye-modified KTa(Zr)O3 was improved by loading metal oxides with platinum. Rh _ Cr2O3 core-shell cocatalysts are reported to effectively prevent the backward reaction (2H2 O2 2H2O) and much improve the photocatalytic activity of GaN:ZnO solid solution 33) . Therefore, the effects of NiO addition on the activity of H2 oxidation (backward reaction) on PtOx/Cr-TPPCl/ KTa(Zr)O3 photocatalyst were evaluated under nonirradiated conditions. As shown in Fig. 7 , the amounts of hydrogen and oxygen gradually decreased on the Pt cocatalysts, and the backward reaction was suppressed by co-loading NiO and Pt cocatalysts. In the case of the dye-modified KTa(Zr)O3 photocatalysts, TEM observed the core-shell structure of platinum-metal oxide cocatalysts. Therefore, the suppression effect for the backward reaction was obtained on the dye-modified photocatalysts by loading metal oxides with noble metal cocatalysts. Figure 8 shows photocatalytic water splitting on the dye-modified photocatalysts with loading of Pt and NiO cocatalysts. Hydrogen and oxygen gases were linearly formed from the initial period of the photocatalytic reaction, and the ratio of formed gases was stoichiometric. The photocatalytic water splitting activity of the KTa(Zr)O3 was greatly improved by the optimization of cocatalysts and modification dyes, and the energy conversion efficiency of the optimized dye- modified photocatalysts was 0.5 % under irradiation with simulated solar light. Although the photocatalytic activity must be further improved for practical use in hydrogen production, dye-modification and cocatalyst co-loading are effective methods to enhance the photocatalytic activity of inorganic semiconductors for overall water splitting.
Conclusion
The development of dye-modified photocatalysts for water splitting was reviewed. Various modification dyes, such as phthalocyanines, porphyrins, xanthene dyes, triphenyl methane dyes, and polycyclic aromatic hydrocarbons, effectively improved the photocatalytic activity of inorganic semiconductors including metal oxides, sulfides, oxysulfides, and oxynitrides. The time-resolved measurements showed that the charge separation lifetime of KTa(Zr)O3 was greatly prolonged by modification with Cr-TPPCl. Photogenerated charges were spatially separated between inorganic semiconductors and dyes, so the photocatalytic activity might be improved by increasing the number of charges used for the water splitting reaction. Cocatalyst coloading was effective to improve the photocatalytic activity of the dye-modified photocatalysts, by suppressing the backward reaction on platinum cocatalysts. This study revealed that dye-modification was very effective methods to enhance the photoabsorption of the visible light region and improve the water splitting activity of inorganic semiconductor photocatalysts.
